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The formation of molecular complexes is a key feature of intracellular signaling pathways which governs to the initiation and execution of dedicated cellular processes. Tumor Necrosis Factor (TNF) and Reactive Oxygen Species (ROS) function as signaling molecules and are both involved in balancing cell fate decision between cell survival or cell demise. As master regulators of cell signaling, they are also instrumental in controlling various cellular processes towards tissue homeostasis, innate immunity and inflammation. Interestingly, TNF and ROS are interlinked and involved in regulating each other’s production via the engagement of molecular signaling complexes. This relationship calls for detailed reviewing of both TNF-induced and ROS-producing molecular complexes in the context of regulated cell death (RCD) modalities. Here, we outline biotechnological approaches that were used to investigate the TNF- and, concerning ROS, the NADPH oxidase-related molecular complexes with an emphasis on different regulated cell death modalities. This systematic review highlights how the cell death field has benefited from both biochemical and live-cell fluorescence imaging approaches. This knowledge and established workflows are highly generalizable, can be of a broader use for any protein-complex studies, and well suited for addressing new challenges in signaling dynamics. These will help understand molecular signaling complexes as ensembles organized into signaling platforms, most likely the key sites of signaling dynamics integration toward cell fate regulation.
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1 CELL DEATH, TNF AND THE HISTORY BEHIND
Cell death plays an essential role in development, homeostasis, and inflammation (Pasparakis and Vandenabeele, 2015; van Loo and Bertrand, 2022). Despite the general recognition of the existence of cell death, the importance of the process remained largely underestimated for a long time mainly because dying cells were rarely observed. Only in the mid-19th century when the concept of histology was born, it allowed scientists to identify dying cells. Since the publication of such renowned works as the one written by Karl Vogt where he studied the disappearance of the notochord during the metamorphosis of amphibians, a large number of studies described the physiological importance of different types of cell death such as the best known one called apoptosis (Maghsoudi, Zakeri and Lockshin, 2012). For a long time, apoptosis was considered the only regulated type of cell death (Galluzzi et al., 2007). This cell death modality plays an important role during embryonic development and cell homeostasis (Montero and Hurlé, 2010; Herold, Rennekampff and Engeli, 2013; Gudipaty et al., 2018) and originate from either an intracellular signal or external stimulus like tumor necrosis factor (TNF).
Historically, apoptosis was considered as the standard regulated cell death (RCD) modality, whereas necrosis was thought to be accidental and uncontrolled, caused by abrupt changes in physicochemical environment such as temperature, osmotic pressure or pH. In the late 90s however, a regulated type of necrosis was identified in a fibrosarcoma cell line (L929), in which inhibition of caspases increased sensitivity to TNF–mediated necrosis (Vercammen et al., 1998; Degterev et al., 2005). Then it became clear that TNF signaling could be correlated to multiple cellular outcomes.
TNF treatment leads to TNF receptor 1 (TNFR1) trimerization and formation of complex I at the plasma membrane (Figure 1A). This supramolecular structure regulates a network of pro-survival and pro-inflammatory signaling pathways and can in turn lead to formation of a cytosolic signaling complex, complex II, facilitating apoptosis execution (Figures 1B, C). The TNF-mediated necrosis observation in L929 together with the pioneering finding of the lab of Jürg Tschopp reporting on the crucial role of receptor-interacting protein kinase 1 (RIPK1) in caspase-independent cell death laid the path to what has now become the most studied type of regulated necrosis (Holler et al., 2000), necroptosis via the formation of yet another signaling complex termed necrosome (Figure 1D). Many studies have since revealed the implication of necroptosis in multiple pathophysiological situations. This regulated cell death modality which appears to play an essential role during development (Kaiser et al., 2011; Oberst et al., 2011), is also associated with pathological situations such as inflammatory diseases (e.g., acute pancreatitis, septic shock), neurological diseases (e.g., stroke) or ischemia-reperfusion injury, and cardiac infarction (for review, (Jouan-Lanhouet et al., 2014; Khoury et al., 2020).
[image: Figure 1]FIGURE 1 | Schematic representation of the different TNF-mediated cell fates and respective associated molecular complexes. (A) Cell survival: Binding of TNF to TNFR1 leads to the recruitment of TNF receptor-associated protein with death domain (TRADD), receptor interacting protein kinase 1 (RIPK1), cellular inhibitor of apoptosis protein 1 and 2 (cIAP1/2), TNF receptor-associated factor 2 (TRAF2) to TNFR1 resulting in the formation of complex I. Ubiquitination of RIPK1 by cIAP1/2, TRAF2, and linear ubiquitin chain assembly complex (LUBAC) leads to the recruitment of transforming growth factor-β-activated kinase 1 (TAK1) through TAK1 binding proteins 2 and 3 (TAB2 and TAB3), as well as the recruitment of the inhibitor of NF-κB kinase (IKK) complex and the TANK-binding kinase 1 (TBK1). The IKK complex activates the nuclear factor-κB (NF-κB) signaling. Specific phosphorylation of RIPK1 in complex I at various sites by IKK, TBK1, mitogen-activated protein kinase-activated protein kinase 2 (MK2) or (indirectly) by TAK1 functions as a checkpoint keeping RIPK1 in a survival mode independent of its kinase activity. (B) RIPK1-independent apoptosis: When the levels of cellular FLICE-like inhibitory protein (cFLIP) (due to inhibition of translation by cycloheximide, CHX) and RIPK1 (resulting in reduced gene induction) are low TRADD interacts with Fas-associated protein with death domain (FADD) and pro-caspase-8, forming complex IIa. (C) RIPK1-dependent apoptosis: Alternatively, upon inhibition of IAPs, IKK, TBK1, MK2 and TAK1 (inhibitory symbols) RIPK1 becomes activated by autophosphorylation (RIPK1*). RIPK1* interacts with FADD, caspase-8 and cFLIPl (if present), forming complex IIb. Upon formation of complex IIa or IIb, caspase-8 gets activated through proximity-induced activation leading to apoptosis. (D) Necroptosis: Caspase-8 functions as a checkpoint for necroptosis induction. In the absence of active caspase-8 (inhibition symbol), RIPK1 and RIPK3 are no longer cleaved by caspase-8 and form the necrosome through their RIP homotypic interaction motif (RHIM). Autophosphorylation of the RIPK1 and RIPK3 proteins as well as the recruitment and RIPK3*-dependent phosphorylation of mixed lineage kinase domain-like protein (MLKL) results in plasma membrane permeabilization and necroptosis. P, phosphorylation. Blue ubiquitin chains, K63-linked ubiquitination; green ubiquitin chains, linear ubiquitination.
In the past decades, several major molecular players of the TNF signaling have been identified and their relationship to each other has been investigated. This indispensable information was mainly gained using classical biochemical approaches. These studies identified a number of molecular complexes and highlighted some essential protein-protein interactions (PPIs) as well as key protein activities implicated in cell fate decision, mainly at the cell population level. This will be reviewed here. However, cell death similarly to other cellular processes, has turned out to be a highly dynamic phenomenon governed by assembly and disassembly of macromolecular complexes in space and time, resulting in single-cell behaviors (cell survival, inflammatory cytokine production, apoptosis, necroptosis), that are driven by particular signaling pathways and lead to a heterogeneous response within a cell population. This representation has recently been complexified by the fact that an intricate game of cell death can occur within a cell, tipping the balance between different regulated cell death modalities (Bertheloot, Latz and Franklin, 2021). This changes the perspective on how to study molecular complexes and whether they should better be considered in the scope of molecular signaling platform.
Besides the TNFR complexes, another protein complex involved in cell death dynamics, and being part of such molecular signaling platform, will be discussed in this review: the NADPH oxidases, enzymes specifically dedicated to the production of ROS in various cells and tissues. Their sophisticated function depends on presence/absence of biological (microorganisms), chemical stimuli such as inflammatory mediators (Lambeth, 2004a; Begum et al., 2022), or even cytokines (TNF) (Kim et al., 2007a) and is tightly regulated at the level of PPIs and protein-lipids interactions.
In this context, the contribution of functional fluorescence live cell microscopy to the overall knowledge of protein complexes so far will be presented, along with the challenges and opportunities inherent to such approaches. We will first introduce the complexity of TNF signaling, as it is a well described example of how different cell fates are initiated at the molecular level (van Loo and Bertrand, 2022).
2 TNF SIGNALS THROUGH MOLECULAR COMPLEXES
2.1 Complex I (cell survival)
Binding of TNF to the extracellular domain of TNFR1 (Andera, 2009) leads to the recruitment of an adaptor protein TNFR-associated protein with death domain (TRADD) (Hsu, Xiong and Goeddel, 1995; Hsu, Shu, et al., 1996) that interacts with TNFR1 through its death domain (DD) (Figure 1A) and enables the recruitment of RIPK1 (Hsu, Huang, et al., 1996) owing to its scaffold function. TRADD, in turn, facilitates the recruitment of an E3 ubiquitin ligase TNF receptor associated factor 2 (TRAF2) that further mediates the signaling (Park et al., 2000) and ensures the recruitment of two other E3 ubiquitin ligases, the cellular inhibitor of apoptosis protein 1 and 2 (cIAP1/2) to the TNFR1 complex that is also known as complex I (Legler et al., 2003; Micheau and Tschopp, 2003). cIAPs and TRAF2 further promote K63-ubiquitination of RIPK1 thus stabilizing the TNFR1 complex (Mahoney et al., 2008). The group of Walczak identified another important player in stabilization of the TNFR1 signaling complex. Using a modified tandem affinity purification (TAP) approach three proteins were identified: heme-oxidized IRP2 Ub ligase 1 (HOIL-1), HOIL-1 interacting protein (HOIP) and SHANK-associated RH domain interactor (SHARPIN) that together form the linear ubiquitin chain assembly complex (LUBAC). The LUBAC complex assembles linear ubiquitin chains on RIPK1, thus stabilizing the complex and preventing TNF-induced cell death (Haas et al., 2009; Gerlach et al., 2011). K63-ubiquitination of RIPK1 by cIAP1 and 2 leads to further recruitment of transforming growth factor-β-activated kinase 1 (TAK1) that interacts with RIPK1 through TAK1 binding proteins 2 and 3 (TAB2 and TAB3) (Kanayama et al., 2004; Besse et al., 2007). Another protein complex that is recruited to ubiquitinated RIPK1 is the inhibitor of the NF-κB kinase complex (IKK) that associates with K63- and linearly ubiquitinated RIPK1 through IKKγ, also known as NF-κB essential modulator (NEMO) (Ea et al., 2006; Wu et al., 2006; Dynek et al., 2010; Gerlach et al., 2011). Recruitment of both TAK1 and IKK complexes to complex I leads to TAK1- and NEMO-dependent IKKβ phosphorylation and activation. The activated IKKβ phosphorylates inhibitor of NF-κB α (IκBα) followed by its ubiquitination and proteasomal breakdown. Degraded IκBα can no longer inhibit the nuclear factor-κB (NF-κB) transcription factor complex that subsequently translocates to the nucleus where it functions as a transcription factor for multiple genes involved in inflammation and cell survival (Amaya et al., 2014).
2.2 Complex IIa and IIb (apoptosis)
In case the cell survival pathway is abrogated, the TNF signaling further proceeds to induce apoptosis. The key player in this event is initiator caspase-8. The apoptotic pathway proceeds through the formation of one of two complexes: complex IIa (Figure 1B) or complex IIb (Figure 1C). The formation of complex IIa has been shown to depend on cellular FLICE-like inhibitory protein (cFLIP) expression (Wang, Du and Wang, 2008), an anti-apoptotic protein that regulates activation of caspase-8. It has been previously defined that human cFLIP is primarily expressed in two forms. The short form cFLIPS is shown to contain two death effector domains (DEDs), while the long form cFLIPL contains next to the two DEDs, a caspase-like domain where active cysteine residue is substituted by a tyrosine residue. The Wang group demonstrated that when the expression levels of cFLIP are low such as in case of TNF induction in combination with the translation inhibitor cycloheximide, complex IIa consisting of TRADD, Fas-associated protein with death domain (FADD), cFLIP and caspase-8 is formed inducing apoptotic signaling (Figure 1B) (Wang, Du and Wang, 2008; Ofengeim and Yuan, 2013). Ubiquitination of RIPK1 by IAPs promotes its survival activity (Bertrand et al., 2008). Alternatively, when following TNF stimulation RIPK1 ubiquitination is abrogated in the absence of functional cIAPs through genetic ablation or by using IAP antagonists such as Smac mimetics, RIPK1 gets recruited into the cytosolic 2 MDa complex IIb, also known as ripoptosome, that contains cFLIP, RIPK1, FADD and caspase-8 (Feoktistova et al., 2011; Tenev et al., 2011; Vanlangenakker et al., 2011). The survival function of RIPK1 is kept in check by phosphorylation by IKKs (Dondelinger et al., 2015; Dondelinger et al., 2019), mitogen-activated protein kinase-activated protein kinase 2 (MK2) (Dondelinger et al., 2017; Jaco et al., 2017; Menon et al., 2017), TBK1 (Lafont et al., 2018; Xu et al., 2018) and TAK1 (Geng et al., 2017). Inhibition of these kinases favors RIPK1-mediated apoptosis and necroptosis (Delanghe et al., 2020). The assembly of complex IIb is dependent on RIPK1 kinase activity and requires the interaction between RIPK1 and caspase-8 through the adapter protein FADD. FADD consists of a DD through which FADD interacts with RIPK1 and a DED that serves to recruit caspase-8 that contains tandem DEDs in its prodomain (Carrington et al., 2006). Upon recruitment to FADD, the prodomain of caspase-8 as well as FADD form filamentous high order structures that are required for the activation of caspase-8. Caspase-8 gets activated through proximity-induced activation (Siegel et al., 1998; Salvesen and Walsh, 2014). Activated caspase-8 finally cleaves a number of substrates such as effector caspase-3, and -7, thus inducing apoptosis.
2.3 Necrosome (necroptosis)
Caspase-8 functions as a checkpoint for RIPK1 kinase activity dependent apoptosis and necroptosis (Newton et al., 2019). Caspase-8 enzymatic activity is inhibited by using the pan-caspase inhibitor zVAD-fmk or in the presence of high expression levels of the short isoform cFLIPS that heterodimerizes with procaspase-8 and completely prevents its proteolytic activation (Vercammen et al., 1998; Schilling, Geserick and Leverkus, 2014), the cell switches towards necroptosis. Stimulation with a necroptosis trigger (TNF in combination with a Smac mimetic and zVAD-fmk) leads to the association between two major necroptotic players, RIPK1 and RIPK3, through their RIP homotypic interaction motif (RHIM) (He et al., 2009; Oerlemans et al., 2012). Depending on the nature of the stimulus, necroptosis will be initiated either by a RIPK1-RIPK3 hetero-interaction or by a RIPK3-RIPK3 homo-interaction (Orozco et al., 2014; Wu et al., 2014). This interaction initiates the nucleating core for the necrosome complex that consists of enzymatically inactive caspase-8, FADD, RIPK1 and RIPK3 (Cho et al., 2009; He et al., 2009) (Figure 1D). These RIP kinases are both auto- and trans-phosphorylated within the complex (Cho et al., 2009; He et al., 2009; Zhang et al., 2009; Vanden Berghe et al., 2014), leading to the formation of β-amyloid (Li et al., 2012) and β-strands (Wu et al., 2021) structures. The latter were recently reported to constitute a more stable structure and were suggested to favor a structural transformation, allowing the formation of RIPK3 homo-oligomers (Li et al., 2012; Rodriguez et al., 2016; Wu et al., 2021). Oligomerized RIPK3 further recruits and activates another important necroptotic player, the mixed lineage kinase domain-like protein (MLKL) (Figure 1D). Phosphorylation of the MLKL pseudokinase domain by RIPK3 unleashes the N-terminal four-helix bundle domain of MLKL that is coupled to the pseudokinase domain through a two-helix linker. The phosphorylated four-helix bundle domain further forms high-molecular weight oligomeric structures that translocate to the membrane and cause membrane disruption (Murphy et al., 2013; Dondelinger et al., 2014; Hildebrand et al., 2014; Liu et al., 2017). Samson et al. described precise choreography of these events. The phosphorylated MLKL oligomeric species assemble on presumed cytoplasmic necrosomes. Afterwards, these species co-traffic with tight junction proteins to the cell periphery via Golgi-microtubule-actin-dependent mechanisms and subsequently co-accumulate at the plasma membrane as heterogenous micro-size hotspots. Taken together, the study of Samson et al. identified MLKL trafficking and plasma membrane accumulation as two crucial necroptosis checkpoints (Samson et al., 2020).
In 2017, a couple of studies pointed out more complex functions of the protein that do not appear to be restricted to execution of cell death. The group of Wallach reported that MLKL is involved in endosomal trafficking thus assisting in its own extrusion from cells within extracellular vesicles (EVs) so as to antagonize cell death (Yoon et al., 2017). Similarly, the group of Doug Green demonstrated that activation of MLKL leads to shedding of damaged plasma membrane, an effect that is dependent on the endosomal sorting complexes required for transport III (ESCRT III) machinery. This process prolongs cell survival when MLKL activation is limited and results in sufficient time to generate stress signals via cytokines, chemokines and other regulatory molecules. This in turn promotes intercellular communication which will affect surrounding cells and induce antigenic cross-priming of CD8+ T-cells (Gong et al., 2017).
2.4 Intricate and dynamic game of the cell death
The information provided above demonstrates that the TNF pathway is a sequential process that involves spatially and temporally distinct signaling complexes whose assembly and disassembly leads to a dedicated outcome: survival or cell death. Beyond this concept, recent literature is proposing a more complex landscape in which emerging connectivity between different RCDs reveals how cell death pathways can be intertwined with consequences in infection and cancer (Bedoui, Herold and Strasser, 2020), and in stroke (Naito et al., 2020). The resulting intricacies and fine tuning of cell death effectors is tipping the balance between different cell fates (Bertheloot, Latz and Franklin, 2021), with unexpected findings regarding cells recovering from the brink of cell death (Gudipaty et al., 2018). Anastasis for apoptotic cells (Sun et al., 2017; Sun and Montell, 2017) or resuscitation for necroptotic cells (Gong et al., 2017), which in both cases questions where the point of no-return truly lies. Collectively these situations exemplify the necessary flexibility for molecular effector complexes to dynamically evolve and adapt in space and time towards survival purpose.
In this evolving paradigm in which the crosstalk is highlighted, we choose to briefly review a situation that has been lingering for years in the cell death field concerning the role of ROS in cell death (Blaser et al., 2016). A recent study from our laboratory discovered how the ROS scavenger butylate hydroxyanisole (BHA) is acting as a direct RIPK1 inhibitor, hence challenging a body of literature that has been claiming ROS involvement in PCDs on the extensive usage of this “ROS scavenger” (Delanghe et al., 2021a). To clarify the role of ROS and the different experimental strategies that are used for investigations, the second part of this review will focus on the NADPH oxidases, as a known source of ROS, and the implication of these multicomponent enzymatic complexes in various cell fates.
3 TNF AND ITS RELATION WITH THE NADPH OXIDASE
TNF, a master regulator in both cell survival and cell death, is also an important player in the regulation of cellular homeostasis and immunity (Blaser et al., 2016). Concerning the later one, TNF is known to stimulate the activity of the phagocyte NADPH oxidase (NOX) (Figure 2), a key enzyme of our innate immune system (Lambeth, 2004).
[image: Figure 2]FIGURE 2 | TNFR interacts with NOX1 or NOX2 and induce ROS production. TNF recognized by TNFR1 is able to activate the NOX1 or NOX2 complex. For NOX1 (on the left), the TNF-induced activation can be done through interaction of the cytosolic domain of TNFR1, TRADD and RFK, which then binds to the p22phox subunit. Recruitment of the NOX1 complex to TNFR1 can be also facilitated by RIPK and/or RAC1/RFK (Kim et al., 2007; Yazdanpanah et al., 2009; Park et al., 2012). In case of the NOX2 (on the right), the RFK is the main actor coupling the TNFR1 with p22phox subunit. The activated NOX2 complex converts extracellular O2 into superoxide anion, which is then transformed by SOD to H2O2. This extracellular H2O2 can freely pass through the plasma membrane, become part of the intracellular ROS pool (together with mtROS) and participate on cell signaling. The NOX1 complex, when TNF-activated, produces the ROS in the same manner. This figure also highlights NF-kB, which is involved in the regulation of TNF-induced ROS production (Morgan and Liu, 2011; Nakajima and Kitamura, 2013). When NF-kB is activated through the TNF-mediated cascade, it is translocated into the nucleus where it upregulates catalase and SOD expression levels. These antioxidants reduce the total amount of ROS in the cell, which then stimulates TNF and NOX2 expression leading to a new ROS production. Another feedback loop is that ROS produced by NOX1/2 can activate NF-kB by inhibiting IKK phosphatases.
The NADPH oxidases is a whole family of enzymes comprising of seven related isoforms, varying in the catalytic center: NOX1-5, DUOX1 and DUOX2. The NADPH oxidases are multicomponent complexes with a capacity to transport electrons across the plasma membrane and to generate superoxide and other downstream reactive oxygen species (ROS), which make them major oxidant generators in a human body (see the next paragraph below for more details about the NOX family). The main physiological functions of NOX family is the ROS production for antimicrobial host defense, but, they also strongly influence cellular signaling, regulation of gene expression and cell differentiation (Bedard and Krause, 2007).
Besides the NOXes, mitochondria are another important ROS source in mammals. During cellular respiration in mitochondria, the electrons released from the electron transport chain react with O2 to produce superoxide anions (Figure 2), which are further converted to H2O2 by superoxide dismutases (SODs) (Hamanaka and Chandel, 2010). Mitochondria-derived ROS (mtROS) can be delivered to bacteria-containing phagosomes via mitochondria-derived vesicles (Abuaita, Schultz and O’Riordan, 2018), and this way directly contribute to the bactericidal activity. While it was shown that mitochondria in macrophages can produce high amounts of mtROS, especially after stimulation, neutrophils contain only low numbers of active mitochondria (Dupré-Crochet, Erard and Nüβe, 2013). A crosstalk between NOXs-derived ROS and mitochondria may amplify ROS generation at different subcellular compartments to maintain sustained redox signaling. For example, NOX4-derived H2O2 in endothelial cells can increase mtROS production, which can be regulated by NOX2 siRNA (Kim et al., 2017; Fukai and Ushio-Fukai, 2020).
Although TNF has been known to potentiate the NADPH oxidase activity, for a long time it was considered that a second stimulus was necessary to actually activate the oxidase (Morgan, Kim and Liu, 2008). In laboratories, phorbol myristate acetate (PMA) is often chosen as this second stimulus. It acts through the activation of the protein kinase C (PKC) launching a phosphorylation cascade of several NOX subunits (el Benna, Faust and Babior, 1994) finally leading to the assembly of active enzyme complex. It has been proven that TNF is a powerful enabler of NOX2 activation in neutrophils (Elbim et al., 1993) and even in non-phagocytic cells such as HEK293 (Moe et al., 2006). Yazdanpanah et al. showed that physical interaction of TNF receptor 1 with the NADPH oxidase complex is dependent on riboflavin kinase (RFK). Immunoblotting analysis of anti-RFK immunoprecipitates from HeLa cell lysates showed the interaction of RFK with p22phox as well as with TNFR1 and TRADD, but not with RIPK1 (Yazdanpanah et al., 2009). Moreover, phagocytes lacking riboflavin or RFK activity display defective TNF-dependent NOX2 signaling, resulting in reduced ROS production and impaired innate immune responses against pathogens (Schramm et al., 2014).
TNF was also shown as an activator of the NOX1 in mouse fibroblasts inducing necrotic cell death (Kim et al., 2007). However, in case of NOX1, the mechanism explanations are more ambivalent. Morgan et al. suggested that in non-phagocytic cells, RIPK1 and TRADD together are able to recruit NOX1 protein organizer (NOXO1) and Rac1 to the membrane to join the p22phox subunit of NOX1 and form an active superoxide producing complex (Morgan, Kim and Liu, 2008). On the other hand, other studies support the role of RFK and claim that recruitment of the NOX1 complex to TNFR1 is also facilitated by RAC1/RFK (Chen and Goeddel, 2002; Ueyama, Geiszt and Leto, 2006; Yazdanpanah et al., 2009). Here, we propose a model of the TNF-NOX relation and highlight the role of RFK that interacts with TNF receptor 1 and membrane-bound subunits of the NADPH oxidase (Figure 2).
Production of superoxide by TNF-activated NOX1 further promotes sustained activation of c-Jun N-terminal kinase (JNK) leading to the necrotic cell death (Morgan, Kim and Liu, 2008). Moreover, induction of the JNK and ERK signaling pathways by NOX1 together with NOX2 was shown to play a role in M2 polarization and macrophage differentiation (Xu et al., 2016). Some cell surface receptors, including TNF receptors can prime the phagocytes for NOX2 activation (Nguyen, Green and Mecsas, 2017). Priming may include conformational changes or partial phosphorylation of the regulatory subunits, which renders the cells more susceptible to a secondary stimulus but does not lead to superoxide production.
On the one hand, ROS generation is induced by cytokines, as in case of TNF; on the other, ROS can stimulate proinflammatory cytokine production by activating NF-κB, the key transcription factor driving cell survival/cell death signaling (Morgan and Liu, 2011). In murine macrophages, H2O2 triggers TNF expression via activation of the p38 and JNK pathways (Nakao et al., 2008). In addition, H2O2 oxidizes the catalytic cysteines of MAPK-inactivating phosphatases, thus activating MAPKs such as p38. This positive feedback loop, in which TNF-induced ROS production subsequently triggers TNF expression, emphasizes the importance of proper ROS regulation in executing an adequate TNF-mediated innate response (Blaser et al., 2016).
4 COMPONENTS OF THE NADPH OXIDASE COMPLEX
Similar to TNF, some NADPH oxidase isoforms require sophisticated interplay of several proteins to perform its function. The first discovered member of the NOX family was the phagocyte NADPH oxidase (NOX2), which is often described as NOX prototype. NOX2 is expressed mainly in phagocytic cells, i.e., macrophages, neutrophils, which are involved in the microbial killing process. Phagocyte NADPH oxidase is a multi-component enzymatic complex composed of two membrane proteins [gp91phox (catalytic center) and p22phox], three cytosolic proteins (p47phox, p67phox and p40phox) and a GTPase Rac (Nauseef, 2019). In a resting state, the cytosolic subunits exist together in the cytosol as a complex (separated from the Rac protein) (Figure 3 left). Upon activation, p47phox is phosphorylated at specific sites (Sumimoto, 2008; El-Benna et al., 2009), inducing its conformational change and triggering migration of the ternary complex of the cytosolic subunits to the membrane. When the ternary complex reaches the membrane, it associates with gp91phox, p22phox and Rac forming the active complex able to produce superoxide anions (Figure 3 right). Except the natural process of phagocytosis, the NOX2 can be also activated by TNF or by using soluble stimuli, such as PMA as mentioned above.
[image: Figure 3]FIGURE 3 | Structure and activation mechanism of phagocyte NADPH oxidase (NOX2). Left: In the resting state, cytosolic and membrane subunits are separated. The cytosolic subunits form a ternary complex in 1:1:1 ratio (Ziegler et al., 2019). Rac is in a GDP-bound form, localized in the cytosol separated from the other cytosolic subunits, and associated with RhoGDI. Right: Upon activation, the three cytosolic subunits, p47phox, p67phox and p40phox, migrate to the membrane to join two membrane subunits gp91phox and p22phox. Rac dissociates from RhoGDI, creates active GTP-bound form and relocates to the membrane as well. Once all subunits are in a good position, where all necessary interactions can take place, the active complex is formed. The NADPH substrate is oxidized, electrons are transferred by the catalytic subunit gp91phox through the membrane to the molecular oxygen, leading to the production of the superoxide radical anion (O2•-) and then associated ROS.
Of seven members in the human family, NOX1, a non-phagocytic homolog of NOX2, also form a heterodimer with p22phox and requires only two cytosolic subunits, NOXO1 (homologous to p47phox) and NOXA1 (homologous to p67phox), for its function (Bedard and Krause, 2007). NOX1 is highly expressed in colon epithelial cells (Szanto et al., 2005) and in other locations such as smooth muscle, endothelial cells or tissues as uterus, placenta or prostate.
4.1 Regulation of the NADPH oxidase activity
In a healthy organism, the NOX activity is tightly regulated. Any disbalance in the activity of the NADPH oxidase can lead to different pathologies. Chronic granulomatous disease (CGD), a genetic disorder is an example of insufficient NOX2 activity caused by mutations in any of the five subunits. CGD is characterized by severe and recurrent infections due to the inability of phagocytes to produce superoxide radical and kill invading bacteria and fungi (Stasia and Li, 2008). On the other hand, an excessive NOX activity causes an extreme oxidative stress leading first to damages of lipids and then of proteins and DNA. The end products of oxidative stress are involved in many diseases such as neurodegenerative disorders (Alzheimer’s or Parkinsons’s disease), pulmonary diseases (idiopathic pulmonary fibrosis or chronic obstructive pulmonary disorder) or cardiovascular diseases (hypertension or atherosclerosis) (Begum et al., 2022). NADPH oxidase activity has been also linked to regulation of insulin secretion. Generation of ROS modulates glucose-stimulated insulin secretion; having a positive effect upon acute ROS activation but a negative effect upon chronic ROS activation (Morgan et al., 2009). Increased expression of NOX isoforms was described in animal models of type 2 diabetes (Nakayama et al., 2005).
It should also be noted that chronic hyperglycemia itself can stimulate the expression and activation of NOX enzymes, leading to the excessive production of ROS, which then activates several pathways associated with diabetic tissue damage, including advanced glycation end products (AGEs) (Begum et al., 2022). Consequently, the AGEs activate several signaling networks causing stimulation of NF-κB activity, which induces the generation of proinflammatory cytokines, including IL-6 and TNF-α (Goldin et al., 2006).
Rheumatoid arthritis (RA) is another chronic inflammatory disease associated with high levels of ROS generated by NOX2 and accumulated in peripheral joints (Dang et al., 2006). In addition, proinflammatory cytokines such as TNF are secreted by macrophages, neutrophils, and T and B lymphocytes that reach the synovial membrane of the joints (Burmester, Feist and Dörner, 2014). Therapeutic inhibition of TNF signaling efficiently inhibits ROS production and reduces joint inflammation (Kennedy et al., 2011), pointing to the TNF-NOX cross talk.
Although elevated levels of ROS were reported for tumor necrosis factor receptor-associated periodic syndrome (TRAPS), the NADPH oxidase is not the source, as they were identified as mtROS (Bulua et al., 2011).
For the multiprotein NADPH oxidase isoforms as NOX 1 and NOX2, the regulation of their activities is mainly driven by modulation of protein-protein and protein-lipid interactions. For example, for NOX2, the p47phox, p67phox and p40phox cytosolic subunits form in the ternary complex in the cytosol in the resting state. Upon phagocytosis (main physiological trigger to activate NOX2), the phosphorylation of p47phox initiates the migration of the ternary complex and GTP-bound Rac to the membrane, where the active complex is formed (Li et al., 2009; Matute et al., 2009; Faure et al., 2013; Song et al., 2017) (Figure 3). As soon as the complex is formed and the p67phox is anchored to the gp91phox, Rac2 and p47phox detach from the phagosomal membrane. The detachment of p47phox is linked to the level of phosphoinositides (decrease of PI(3,4)P2 and accumulation of PI(3)P) in the phagosome membrane. The linkage of p40phox to PI(3)P sustains the NADPH oxidase activity. These observations emphasize the important role of protein-protein but also protein-lipid interactions in functioning of this membrane-bound proteins and enzymes (Valenta et al., 2020).
4.2 H2O2 as a product of NOX activity
The superoxide anion radical produced by active NOX enzymes is converted to hydrogen peroxide (H2O2) by spontaneous dismutation or by SODs that are omnipresent in intracellular and even extracellular environment (Figure 2). H2O2 can be further converted in the highly reactive HOCl by myeloperoxidase and HO° by Fenton reactions (Dickinson and Chang, 2011). H2O2, less reactive than other ROS, has a longer lifetime (∼1 ms) and can diffuse on rather long distances at the cell scale and even across membranes by aquaporin channels, known as peroxiporins (Bienert et al., 2007) (Figure 2). As H2O2 is highly involved in redox signaling, regulation of its cytosolic concentrations is fundamental for cell survival and maintaining normal physiological conditions. In general, the effect of ROS, including H2O2, is all about balance. Anarchical chemical modifications due to high local levels of ROS that cannot be managed by the anti-oxidant machinery (e.g., SOD, catalase, etc.) leads in the end to a cell demise. In this saturation mode, ROS do not operate by fine tuning molecular structure of macromolecules anymore (disulfide bonds, oxidation of AA residue, etc.) to activate signaling cascades.
For better illustration, Figure 4 presents physiological ranges of H2O2, spanning from normal processes through adaptive ones (stress responses) to higher H2O2 concentrations evoking inflammatory responses, ultimately leading to growth arrest and cell death (Sies, 2017). One may note that there is no clear-cut frontier between these ranges. A moderate increase in the level of ROS will be beneficial for the inflammatory response during phagocytosis, in another situation, a similar amount of ROS will contribute to tumor promotion and progression, as they are involved in different signaling pathways and can induce DNA mutations (Perillo et al., 2020).
[image: Figure 4]FIGURE 4 | Estimated ranges of hydrogen peroxide concentrations involved in oxidative stress with regard to cellular responses. Adaptive stress responses are denoted as “oxidative eustress”. High H2O2 concentrations exceeding physiological ranges are denoted as “oxidative distress”. Assignment of a given H2O2 concentration to certain category may vary with cell type or with the duration of the exposure to H2O2. Adopted from (Sies, 2017).
Taken together, TNF-related signaling and NOX-mediated ROS production are highly complicated events (Vanden Berghe et al., 2010; Babu et al., 2015; Moghadam, Henneke and Kolter, 2021). The protein complexes associated to these events need to be investigated from different angles at the molecular level, which will provide more information and at the end improve our understanding of related physiological processes: ROS production, survival or demise of different cells at different life stages. The final approach usually includes the study of protein complex formation, composition, protein-protein interactions within the complex and spatiotemporal behavior. Numerous biochemical and biotechnological methods contributed to major discoveries that would not have been otherwise possible. The next sections will provide an overview of different techniques that were used for studying TNF- and NOX-related processes, and that are easily applicable to other similar protein systems.
5 BIOCHEMICAL ASSAYS TO ASSESS COMPLEX FORMATION AND COMPOSITION IN CELL DEATH
Maybe the most popular method that falls within the conventional co-purification strategies used to assess PPIs is co-immunoprecipitation (Co-IP) (Figure 5A). Using this method enabled researchers to distinguish between two complexes: complex I and complex II and identify their composition. By stimulating a human fibrosarcoma cell line HT1080 with Flag-tagged human TNF (hTNF) for different time periods, and by subsequently using anti-Flag antibodies, Olivier Micheau and Jürg Tschopp defined that at earlier time points RIPK1, TRAF2, and TRADD co-immunoprecipitated with TNFR1, while caspase-8 and FADD did not. By immunoprecipitating caspase-8 following TNF stimulation in the same cells, they defined that four to 8 hours post-stimulation RIPK1, TRADD, and TRAF2 associated with caspase-8, coinciding with their disappearance from the primary complex, and confirming their dissociation from complex I (Micheau and Tschopp, 2003). Similarly, Dondelinger et al., 2013 demonstrated in MEF cells stimulated with hTNF in combination with TAK1 inhibitor or a Smac mimetic the formation of the complex IIb by immunoprecipitating caspase-8 and observed the RIPK1 recruitment (Dondelinger et al., 2013). The formation of the necrosome was indicated by multiple research groups. Sudan He and colleagues showed by means of immunoprecipitation against RIPK1 or Flag-RIPK3 the association with respectively RIPK3 or RIPK1 in HT-29 or HT-29 stably expressing Flag-RIPK3. The same group also demonstrated the association of RIPK1, Flag-RIPK3, FADD, and caspase-8 within the same complex by immunoprecipitating caspase-8 (He et al., 2009). Alternatively, Cho et al. showed RIPK1 and RIPK3 recruitment to the necrosome by isolating the complex either with caspase-8- or FADD-specific antibody from WT TNFR2+ Jurkat cells stimulated with TNF in combination with zVAD-fmk (Cho et al., 2009).
[image: Figure 5]FIGURE 5 | Schematic representation of biochemical and biotechnological approaches used to assess complex formation and composition. (A) Co-immunoprecipitation. (B) Gel filtration chromatography. (C) Yeast-two-hybrid assay. DBD, DNA binding domain; AD, Activating domain. (D) Virotrap. (E) APEX2-associated proteomics. S, Streptavidin; B, Biotin (F) TAP-TAG immunoprecipitation approach.
Another method to isolate protein complexes is the chromatographic gel filtration analysis (Lathe and Ruthven, 1955) (Figure 5B). By using this technique, combined with caspase-8 immunoprecipitation, Feoktistova et al. demonstrated in HaCaT cells that stably overexpressed cFLIPs (HaCaT-cFLIPs) and were stimulated with zVAD-fmk and an IAP antagonist, the formation of the large 2 MDa ripoptosome complex containing caspase-8, RIPK1, FADD, and cFLIPs (Figure 1C). Spontaneous cell death induced by cIAPs depletion in HaCaT-cFLIPs cells was shown to be RIPK3-dependent, although no RIPK3 was detected in the ripoptosome complex when performing immunoprecipitation (Feoktistova et al., 2011), suggesting the transient recruitment of the protein to the complex (Feoktistova et al., 2012).
Alternative methods to detect and even screen for PPIs use genetic systems, and the best-known is the yeast-two-hybrid assay (Gietz et al., 1997) (Figure 5C). A major example from the cell death field is the yeast-two-hybrid study that led to the discovery of RIPK1 as an interacting partner for Fas. A cDNA fragment comprising almost the entire cytoplasmic domain of human Fas was fused with the 3’ end of the coding region for the bacterial repressor LexA. The resulting gene fusion was further introduced in a reporter strain together with a transcriptional activator fusion protein library obtained from mRNA isolated from the Jurkat cell line. Following this approach, RIPK1 was discovered (Gietz et al., 1997). New biochemical approaches such as Virotrap (Figure 5D) and APEX2-associated proteomics (Figure 5E) have been introduced to the scientific community in order to get new insights into protein complex composition. While APEX2-associated proteomics was not used in the context of TNF signaling, Virotrap based approach was used in the context of TNF-induced NF-kB signal transduction pathway, identifying both, known and as well as novel interactor of TNF-induced inflammatory signaling (Van Quickelberghe et al., 2018). For a more detailed explanation of these techniques, we refer to the original research articles (Lam et al., 2015; Eyckerman et al., 2016; Titeca et al., 2017).
In addition to the latter, a modified TAP-TAG approach (Figure 5F) has been instrumental (as already mentioned in section 2.1) in revealing the presence of two previously unrecognized components: HOIL-1 and HOIP, which have been reported to form a linear Ub chain assembly complex (LUBAC). These findings highlighted how LUBAC stabilizes the TNFR signaling complex and is required for TNF-mediated gene induction process in the context of the survival complex (Haas et al., 2009).
Finally, another method, complementary to the classic biochemical approaches, which is very powerful in providing details about complex compositions is cross-linking mass spectrometry, which allows identification of proximal structural regions at amino acid level. It has been used for MLKL studies and revealed a role for MLKL PsKD (pseudokinase domain) in directing the transition of human MLKL from a basal monomeric state to a pro-necroptotic tetramer (Petrie et al., 2018). Furthermore, mass spectrometry combined with stoichiometry calculations has been used to generate an integrated model of the formation principles and architecture of the TNFR signaling complex (Ciuffa et al., 2022).
These methods and their combinations could allow in the future to further characterize necrosome composition with unrivaled precision.
6 FLUORESCENCE ASSAYS TO STUDY SIGNALING COMPLEXES INVOLVED IN CELL DEATH
Using the above-mentioned techniques made it possible to get insight into the composition and the structure of the complexes formed upon TNFR1 stimulation. One major limitation is that results come from the population average instead of individual cells and have a limited temporal resolution, providing only a snapshot without monitoring the entire process. Besides, sample preparation can become extremely labor-intensive and time-consuming just to get an insight on the spatial distribution of the complex formation. In addition, during sample preparation, native protein interactions can be lost and/or artificial ones can be generated.
At the present, an increasing number of studies make use of genetically encoded fluorescently labeled proteins that can be tracked/visualized in real-time while keeping the cellular context intact (Sun et al., 2012; Gong et al., 2017). The use of fluorescent proteins has provided additional information of spatiotemporal protein behavior and activity, complex formation and protein oligomerization, the dynamic events that have been assigned to multiple proteins participating in the TNF pathway. Some techniques also gain more attention as a non-invasive alternative to characterize the interacting partners within the complexes and their interacting domains. Additionally, with the rise of super-resolution microscopy, we are now able to monitor the protein (clustering) behavior and quantify the number of molecules per cluster at the single-molecule level (Große et al., 2016; Salvador-Gallego et al., 2016). In this section, we will describe several aspects of protein dynamics that are tackled by means of fluorescence microscopy.
6.1 Fluorescence microscopy to monitor protein localization, distribution and clustering
The most obvious type of information provided by fluorescence microscopy is the protein localization and distribution. A renowned example from the necroptosis field for which localization and distribution were defined by fluorescence studies is MLKL. By creating a fusion between the N-terminal four-helix bundle domain of MLKL and the hormone-binding domain of estrogen receptor to induce dimer formation of the protein of interest, Chen et al., 2014 demonstrated that forced dimerization of MLKL N-terminal domain induced tetramers leading to necroptosis (Chen et al., 2014). Coupling the same fusion to enhanced green fluorescent protein (eGFP) demonstrated that in the non-stimulated condition the protein is uniformly distributed in the cytoplasm while it forms discrete dots in the vicinity of the plasma membrane in the necroptotic condition, providing a novel spatial distribution of MLKL during necroptosis (Chen et al., 2014). The recent study by Gong et al. confirmed the punctuate plasma-membrane-associated distribution of dimerizable N-terminal part (1—140aa) of hMLKL that was C-terminally coupled to the yellow fluorescent protein (YFP) variant Venus in MLKL-deficient MEF cells (Gong et al., 2017). Moreover, the same study showed that the ESCRT III component human charged multivesicular body protein 4B (hCHMP4B) coupled to the red fluorescent protein (RFP) variant mCherry rapidly translocated to the plasma membrane upon necroptosis induction and co-localized with MLKL in plasma membrane-associated puncta followed by damaged plasma membrane shedding. These experiments pointed out the involvement of the ESCRT III components in the delay of plasma membrane permeabilization and subsequent cell death following MLKL activation.
Another example from the necroptosis field whose activation results in puncta formation is RIPK3. Using human RIPK3 coupled at its N-terminus to mCherry in HeLa cells that do not express endogenous RIPK3, Sun et al. showed that in the unstimulated condition RIPK3 is uniformly distributed in the cytosol. Upon the necroptotic trigger, however, the protein forms discrete cytoplasmic puncta that are associated with necroptosis (Sun et al., 2012). The same study also showed that in the presence of the MLKL inhibitor necrosulfonamide (NSA), cell death was prevented but the RIPK3 puncta were still observed, although they failed to enlarge, suggesting that the compound prevented a certain step in necroptosis progression (Sun et al., 2012). Another study used murine RIPK3 coupled at its N-terminus to monomeric RFP (mRFP) in L929 cells. In contrast to the previous study (Sun et al., 2012), the punctuate behavior of RIPK3 was observed in less than 7% of the cells, including the dying ones. Expressing the same construct in L929 cells lacking MLKL expression caused massive RIPK3 puncta formation with formation of filamentous structures in most of the cells in the necroptotic condition (Chen et al., 2013). One of the possible reasons for the observed dissimilarity in RIPK3 behavior can be the use of different cellular models in these studies. It has been shown that various cell lines express different levels of RIPK3 suggesting that different cell lines may tolerate different RIPK3 levels, endogenous and exogenous, inducing a different response. Another possible explanation can be the fact that although necroptosis was inhibited in both studies due to the absence of MLKL activity, MLKL, though not active, was still present in HeLa cells while it was absent in the L929 cells. Upon NSA treatment, inactive MLKL could potentially still interact with RIPK3, preventing its massive oligomerization. This was not observed in MLKL-deficient L929 cells, where RIPK3 showed abnormal filament formation in the absence of MLKL suggesting that interaction between MLKL and RIPK3 regulates the extent of RIPK3 puncta formation (Sun et al., 2012; Chen et al., 2013). The studies exemplified here indicate that fluorescence imaging not only confirmed the biochemical studies showing that multimerization of RIPK3 and MLKL is associated with necroptosis but also went beyond, providing extra spatiotemporal information that is not easily achieved with conventional biochemical approaches.
MLKL and RIPK3 are not the only two proteins that by means of fluorescence live cell imaging have been shown to multimerize. Upon apoptosis induction, expression of a full-length caspase-8-eGFP fusion was shown to produce a diffuse distribution in the cytoplasm in transiently transfected HeLa cells treated with zVAD-fmk to block apoptosis. In contrast, a fusion of the DED-containing prodomain of caspase-8 showed a distinctive cytoplasmic filament network in the same condition (Siegel et al., 1998; Park et al., 2005). Upon apoptosis induction, the eGFP fusion of the full-length FADD that contains both DED and DD domain was also shown to form filaments similar to the DED domain of caspase-8 in transfected HeLa cells treated with zVAD-fmk. In contrast to the full-length protein, fusion of the DED domain of FADD with eGFP was also able to induce apoptosis but produced shorter, more numerous filaments. Overall, the fluorescence live cell imaging results indicated that proteins containing DED domain tend to form cytoplasmic filaments and suggested that assembly in molecular signaling platforms enhances the efficiency of caspase activation and is thus necessary for the initiation of the caspase cascade (Siegel et al., 1998). Another study described a possible explanation for the filament formation of caspase-8 and the possible length of caspase-8 chains that is potentially dependent on different parameters such concentration of procaspase-8 in the cell and stimulation strength. The latter appears to be one of the most crucial factors that influence the length of the chains. Weaker death receptor stimulation results in longer chains that potentially compensate for the low number of stimulated receptors. However, the length of the chains is limited to provide a safety control from spontaneous apoptosis as the unlimited size of the chains would lead to induction of cell death from only a little number of stimulated receptors (Schleich et al., 2012).
Filament formation is not a unique feature of DED domain-containing proteins but also other proteins such as caspase-2, a caspase activation and recruitment domain (CARD)-containing protein whose activity has been linked to TNF-induced apoptosis in endothelial cells (Espín et al., 2012). Using an eGFP fusion of caspase 2, it has been shown that the CARD domain is responsible for filamentous appearance of caspase-2 in NIH3T3 fibroblasts and COS cells. Moreover, the same fusion helped to determine the cellular localization of the protein that appeared to be nuclear at earlier time points where the fusion protein occurred as fiber- or dot-like structures. At later time points, however, caspase-2-eGFP fluorescence was more diffusely spread over the cytoplasm, suggesting the enzymatic processing of the protein releasing the active protein from its prodomain containing CARD (Colussi, Harvey and Kumar, 1998). In line with this, it has been previously shown by means of yeast-two-hybrid that dimerization of procaspase-2 is required for the autoproteolytic processing of the enzyme (Butt et al., 1998). This suggests that the formation of multiple procaspase-2 dimers within a larger multimer facilitates the autocatalytic processing of the protein and the propagation of the signaling cascade. Another study used the eGFP tagged caspase-2 prodomain (eGFP-PD) containing CARD and the Flag tagged CARD domain of RIP-associated ICH-1/CED-3 homologous protein with death domain (RAIDD) (RAIDD-CARD), an adaptor molecule containing both CARD and DD domain. This study showed that co-transfection of both domains caused a disruption of filamentous structures while dot-like structures containing both CARD domains appeared in the nucleus. As immunofluorescence analysis of RAIDD-CARD coupled to the Flag tag showed that RAIDD-CARD predominantly localized in the cytoplasm, the co-transfection experiment with the eGFP-PD indicated that it is caspase-2 prodomain that facilitates RAIDD-CARD localization to the nucleus (Shearwin-Whyatt, Harvey and Kumar, 2000). It is possible that through their interaction and translocation to the nucleus RAIDD and caspase-2 further form the PIDDosome complex by interacting with p53-induced protein with a death domain (PIDD) leading to apoptosis induced by genotoxic stress (Tinel and Tschopp, 2004).
Aside from inducing the survival or cell death response through the formation of complex I or complex II, TNF has been shown to generate a tempered and delayed inflammatory response in macrophages through inflammasome priming (Bezbradica, Coll and Schroder, 2017). One of the inflammasome components for which multimerization has been demonstrated by means of fluorescence imaging is the adaptor molecule apoptosis-associated speck-like protein containing a CARD (ASC). This protein contains both CARD and pyrin domain (PYD) and recruits pro-caspase-1 to the inflammasome complex through CARD-CARD interaction leading to caspase-1 activation. Using a fusion between ASC and eGFP (ASC-eGFP), the study showed the formation of large oligomers of 2 µm (only one per cell) in the cytoplasm of the THP-1 macrophages treated with Escherichia coli LPS. Since all cells containing these clusters exhibited biochemical and morphological characteristics of pyroptosis, another type of regulated cell death, these ASC oligomers were called pyroptosomes. By performing time-lapse confocal imaging it was revealed that the entire process of pyroptosome assembly takes less than 3 minutes (Fernandes-Alnemri et al., 2007). Incubation of cell lysates from THP-1-ASC-eGFP macrophages at 37°C in the presence of rhodamine-tagged zVAD-fmk to label caspase-1 revealed the co-localization of the ASC-eGFP signal with rhodamine indicating that ASC pyroptosomes contain activated caspase-1, suggesting their role in caspase-1 induction and showing their functional relevance (Fernandes-Alnemri et al., 2007).
Now, with respect to clustering, a convincing example is provided by the Bcl-2-associated X (Bax) protein and Bcl-2 homologous antagonist killer (Bak) protein whose pore-forming activity was used to illustrate the potential pore forming activity of MLKL (Dondelinger et al., 2014). Using cysteine linkage by disulphide bond formation and analytical ultracentrifugation, the molecular mechanisms involved in the oligomerization of Bax and Bak have been revealed (Dewson et al., 2008, 2009; Moldoveanu et al., 2013). However, the mechanisms of the mitochondrial membrane permeabilization remain unknown. By using super-resolution microscopy techniques (Figure 6A), single-molecule localization microscopy [SMLM, such as photo-activated localization microscopy (PALM) and direct stochastic optical reconstruction microscopy (dSTORM)], and stimulated emission depletion microscopy (STED), the researchers attempted to gain insight in these mechanisms.
[image: Figure 6]FIGURE 6 | Fluorescent approaches to monitor protein localization and complex formation. (A) Super-resolution microscopy techniques: principle of single-molecule localization microscopy (PALM, dSTORM) on the left and stimulated emission depletion microscopy (STED) on the right. (B) Total Internal Reflection Fluorescence (TIRF). (C) Bimolecular fluorescence complementation assay (BiFC). (D) Förster resonance energy transfer (FRET). (E) Fluorescence cross-correlation spectroscopy (FCCS).
To produce a PALM or dSTORM images, only a small subset of the fluorescent labels is stochastically activated (i.e., switched on and off) during the measurement and their mean position are precisely calculated in each image. The same activation-deactivation process is repeated over thousands of times to ensure that all labels in a particular field are imaged. By superimposing the generated images containing the precise location of all labels, a super-resolved image is generated (Figure 6A) (Betzig et al., 2006; Hess, Girirajan and Mason, 2006). STED, on the other hand, uses a pair of synchronized laser pulses. The first pulse excites multiple fluorescent molecules, bringing the electrons from the ground state to an excited state. The excitation pulse is immediately followed by a highly energetic emission depletion pulse (STED pulse) that forces the excited electrons to relax into a higher vibrational level of the ground state, releasing a less energetic red shifted photon (stimulated emission). By arranging the STED pulse in a donut shape, only the excited fluorophores at the periphery of the excitation focus will be quenched by stimulated emission. In the center of the donut, where the intensity of the STED pulse is zero, the fluorescence remains unaffected and is detected (Figure 6A) (Hell and Wichmann, 1994; Klar and Hell, 1999).
By using PALM, the number of Bak molecules participating in mitochondrial clusters was estimated in MEF cells and varied from tens to several thousands. By defining the distribution of the Bak molecules within the mitochondrial membrane, it was suggested that Bak clusters do not form a pore but rather induce a mechanical tension in the membrane leading to its rupture (Nasu et al., 2016).
In the NOX field, the arrangement of NOX2 in nanoclusters was shown using dSTORM combined with selective illumination of the cell membrane by total internal reflection fluorescence (TIRF) microscopy (Figure 6B). The number of these clusters increased during frustrated phagocytosis on IgG-coated coverslips after 10 min. This result indicated that NOX was delivered at the phagosomal membrane. It has also been shown that this NOX2 delivery required p47phox (Joly et al., 2020).
Two other studies using STED defined the assembly of Bax clusters in HeLa and U2OS cells that appeared to be ring and arc-shaped. In addition, the data suggested that both rings and arcs of Bax oligomers are able to perforate membranes, thus leading to mitochondrial outer membrane permeabilization (Große et al., 2016; Salvador-Gallego et al., 2016). These studies demonstrate the strength of the novel microscopy methodologies to define the protein localization and distribution at the single-molecule level (Hedde and Nienhaus, 2010). Indeed, as any other microscopy methods, super-resolution microscopy has also its drawbacks. Jacquemet et al. provided useful guidelines to super-resolution imaging techniques covering their advantages and their limitations as well (Jacquemet et al., 2020).
Overall, the examples provided above emphasize the significant contribution of fluorescence microscopy approaches to determine the spatiotemporal behavior and distribution of the fluorescently tagged proteins involved in cell death. Combination of fluorescence microscopy with the biochemical analysis showed that the formation of higher order molecular structures is common for cell death proteins and is necessary for further signal propagation resulting in cell death, thus providing strong evidence for the biological relevance of these molecular signaling platforms.
6.2 Fluorescence microscopy to study protein-protein interactions
Another important application of fluorescence microscopy is studying protein-protein interactions within signaling complexes and protein clusters. Three techniques can be used to monitor protein-protein interactions are bimolecular fluorescence complementation assay (BiFC) (Figure 6C), Förster resonance energy transfer (FRET) (Figure 6D) or fluorescence cross-correlation spectroscopy (FCCS) (Figure 6E). In the case of BiFC, the interacting proteins of interest are coupled to complementary parts of a fluorescent protein such as eGFP. Interaction of the proteins within live cells brings both parts of the fluorescent protein together allowing this reporter protein to adopt its native three-dimensional structure and emit a fluorescent signal (Figure 6C) (Hu, Chinenov and Kerppola, 2002). FRET microscopy, in contrast to BiFC, uses two fluorophores, a donor and a acceptor, whose respective emission and absorption spectra sufficiently overlap and forming a FRET pair. The excited donor fluorophore can transfer its energy to the acceptor fluorophore nearby through non-radiative dipole-dipole coupling. Besides the spectral overlap of the donor and the acceptor, the efficiency of the energy transfer depends on geometrical parameters: the relative orientation of the fluorophores and their distance that need to be below 10 nm. Depending on the FRET pair, an efficiency of 50% is usually observed for distances around 5 nm, which is fully consistent with the expected distance between FPs fused to the interacting protein of interest. FRET is able to probe PPIs but also to access to geometrical parameters related to the interaction (Figure 6D) (Padilla-Parra and Tramier, 2012).
In FCCS, the fluctuations of the fluorescence intensities of FP-tagged proteins diffusing in and out a confocal volume are analyzed. If the fluctuations are correlated, the proteins of interest are interacting (Figure 6E). A cross-correlation function, which has an amplitude with a non-zero value proves the co-diffusion of proteins of interest. From these amplitudes, the concentrations of both partners, being the fraction of proteins in interactions, can be calculated. This strategy can be used as quantitative approach for estimation of Kd in living cells (Hwang and Wohland, 2007).By using the BiFC assay, the importance of the CARD domain of caspase-1 in pyroptosome assembly has been pointed out (Proell et al., 2013). In this study, the N- and C-terminal part of Venus were coupled to the CARD domain of caspase-1 and the CARD domain of ASC, respectively. Co-expression of both domains in HEK293T cells resulted in the formation of foci that resembled the pyroptosomes described by Fernandes-Almenri et al., 2007 (Fernandes-Alnemri et al., 2007). This indicated an active role of the caspase-1 CARD in productive platform formation. Additionally, it was indicated that the CARD domain plays an important role in self-assembly of ASC. The N- and C-terminal part of Venus were coupled to either the full-length protein or to its separate domains (PYD or CARD). Expression of the full-length protein coupled to either the C- or N-terminal part of Venus led to the formation of large foci in the HEK293T cells. This was not observed when only the PYD domains or CARD domains coupled to either the C- or N-terminal part of Venus were introduced in the same cells. Their expression resulted in restoration of the fluorescent signal but remained diffused without forming larger foci, indicating that these domains are not sufficient to induce pyroptosome formation (Proell et al., 2013). The inability of the separate ASC domains to oligomerize observed by BiFC was, however, not supported by two other independent studies using fluorescently tagged PYD or CARD domain of ACS. These studies showed that the domains, when expressed separately in COS-7 or HEK293T cells, form filament-like aggregates similarly to what has been shown for caspase-2 and RAIDD (Masumoto, Taniguchi and Sagara, 2001; Sahillioglu et al., 2014). The observed discrepancy between the studies can be ascribed to the different methodologies used in the above-mentioned studies. However as always, differences 1) in abundance of tagged proteins of interest, 2) in cellular models, and 3) in triggers used do have an impact on the results. Finally, one should note that BiFC works in a non-reversible manner.
Another study using FRET measured via flow cytometry in HEK293T cells showed that the RHDLL sequence within the FADD DED domain is important for the protein self-assembly. This sequence is homologous to an RXDLL motif conserved among many DED-containing proteins (Muppidi et al., 2006). A recent study re-examining FADD self-assembly confirmed previous findings by showing interactions between the DED domains of FADD by quantitative sensitized emission FRET measurements in HeLa cells expressing FADD or its truncated versions coupled at their N-terminus to either CFP or YFP FRET pair (Wang et al., 2013). In addition, by measuring FRET between the CFP and YFP tagged DED containing a mutation in Phe25, the in vitro studies suggesting the dependency of FADD self-association on this residue were confirmed (Carrington et al., 2006; Wang et al., 2013). Moreover, the same study showed that the expression of CFP- and YFP-tagged N-terminal part of FADD that does not contain phosphorylatable C-terminal tail produced the highest FRET measured in the study. This indicates that the C-terminal tail of FADD that gets phosphorylated on Ser194 can greatly regulate the strength of FADD self-association (Wang et al., 2013).
The cytosolic complex of NOX2 composed of p40phox, p47phox and p67phox was recently extensively monitored in live cells by FRET measured via the variations of the donor fluorescence lifetime (Fluorescence Lifetime Imaging or FLIM) and FCCS (Ziegler et al., 2019). The subunits were tagged at their N and C termini with various combinations of cyan, yellow and red fluorescent proteins (FP). Their pairwise interactions were explored. For all combination of labelling with FPs at the C- or N- termini, FRET was observed at various efficiencies except for the NN-termini labelling of p47phox and p67phox, which showed no FRET. Nevertheless, p47phox and p67phox labeled at their C- or N- termini co-diffused as shown by FCCS proving their interaction whatever the FPs position. This is an example of the complementarity of FRET-FLIM and FCCS approaches. Indeed, the FRET efficiency strongly depends on the geometry of the interaction that influences the distance between the FPs whereas the FCCS only rely on their co-diffusion. In the p47phox and p67phox interactions, the N- termini are too far to observe FRET giving indirectly a topological information on their relative 3D organization. From those experiments the authors deduced not only specific interactions between p47phox and p67phox and p40phox and p67phox but also a 1:1:1 stoichiometry in the NOX2 complex in live cells. From the FCCS experiments they also deduced that nearly 100% of p47phox and p67phox were present in complexes in living cells and that the apparent Kd of this interaction was in a range of few hundred nM. Furthermore, combining the topological information obtained by FRET data in live cells with small-angle X-ray scattering (SAXS) models and published partial crystal structures of isolated subunits in vitro, the authors built a 3D model of the cytosolic complex valid and consistent with the current knowledge of the activation mechanism. In particular, the study revealed an elongated shape of the ternary complex and a flexible hinge between the two SH3 domains of p47phox and the rest of the complex. The flexible hinge is probably required to establish the initial contact with phospholipids and p22phox at the membrane and then to bend the complex in order to bring p67phox closer to NOX2 (Ziegler et al., 2019). This study also provides new insights on the relative arrangement of the functional domains and on their interaction interfaces, which could support the design of innovative therapeutic agents aiming at the disruption of the complex.
The examples summarized in this section provide a proof of applicability of fluorescence microscopy in monitoring protein-protein interaction within various molecular complexes that have been demonstrated to play a key role in various regulated cell death modalities but also in inflammation.
7 OUTLOOK
The recent advancement in microscopic techniques makes it possible to not only define the spatiotemporal characteristics of the protein of interest but also investigate the protein complex composition event from a structural point of view in the living cells in real time. Over the last 15 years, these techniques have become complementary to biochemistry techniques, which are also constantly evolving thanks to the progress of analytical methods such as mass spectrometry. In parallel, during the two last years, since the success of AlphaFold2 (Jumper et al., 2021) at the CASP141 (Critical Assessment of Techniques for Protein Structure Prediction) competition in 2020, and the publication of RoseTTAFold in 2022 (Baek et al., 2021), the panel of efficient modelling strategies to explore protein structures and their interactions rapidly expand. These new tools based on deep learning methods predict the structure of a single chain protein from its primary sequence with very high accuracy. Most of them are accessible to the whole community through simplified interfaces designed for the end user and by making the code open-access. Continued efforts are now focused on the accurate prediction of protein complexes (Evans et al., 2021; Bryant et al., 2022; Bryant, Pozzati and Elofsson, 2022; Yu et al., 2023) and tremendous progress in modeling those complexes have been shown at the CASP152 competition in autumn 2022. However, prediction of asymmetric complexes composed of protein units containing intrinsically disordered regions or existing in several states (resting, activated at different levels) as NADPH oxidases or TNF complex remains a challenge, at least for now.
While considering opting for fluorescence microscopy to study dynamic events of the proteins of interest, several aspects should be kept in mind. First of all, although fluorescent proteins are generally innocuous tags, they can potentially affect target protein structure, function, or localization. To avoid these issues both biochemical and immuno-labelling approaches to analyze the endogenous protein behavior should be applied to confirm the results obtained by fluorescence microscopy techniques. Secondly, most of the described examples have been performed upon overexpression that may result in a non-physiological outcome thus leading to a biased interpretation. A possible solution would be to ensure the expression of the fluorescently tagged proteins at levels close to endogenous. A well-known strategy is using lentiviral vectors that allow a sustained protein expression through stable integration of the transgene in the host genome. Nowadays, genome editing tools such as clustered regulated interspaced short palindromic repeats - associated protein-9 nuclease (CRISPR-Cas9) are gaining attention in terms of fluorescent labelling of endogenous proteins allowing the fluorescent protein expression at endogenous levels without further perturbation of the intracellular environment (Bukhari and Müller, 2019; Zhong et al., 2021). Nevertheless, an expected drawback could concern the monitoring of the fluorescent signal in condition of low signal to noise ratio, because of the low expression level of the proteins of interest. Continued improvements of fluorescent proteins in term of brightness, maturation rate, photostability and monomeric properties (Fabritius et al., 2018; Campbell et al., 2020; Legault et al., 2022) will improve the detection of protein of interest expressed at endogenous level.
Alternative strategy to visualize endogenous proteins without interfering their native state is using FP-tagged nanobodies. Nanobodies were introduced as a completely new class of antibodies missing the light chain, and with a molecular weight of ∼13 kDa, they are the smallest intact antigen binding fragments. A nanobody against an endogenous protein, genetically coupled to an FP and introduced into living cells as DNA-encoded expression constructs provide a new class of imaging tools (Rothbauer et al., 2006; Wagner and Rothbauer, 2021).
In the future combination of genome editing technologies together with super-resolution microscopy approaches (Nasu et al., 2016; Salvador-Gallego et al., 2016) will further enable researchers to spy on protein behavior at the single-molecule level. A very often used method, correlative light-electron microscopy (CLEM) combines the advantage of fluorescent and electron microscopy and enables the analysis of targeted fluorescent probe at the ultrastructural level (Grabenbauer, 2012). Nevertheless its utility, CLEM still requires fixation of the sample, and the quality of the CLEM image relies on the ability of the sample to maintain native organization during fixation and subsequent labelling. Thus, CLEM or any other electron microscopy technique does not allow live-cell imaging (yet). Presumably, this will remain the major challenge for future–to be able to investigate and image the protein complexes in their native environment at the single-molecule level in various cellular compartments. Advent of new technologies combined with existing super-resolution fluorescence microscopy methods (Sochacki et al., 2014) may soon help to achieve this goal and push the frontiers of our knowledge of protein complexes and many biological processes, including cell death.
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GLOSSARY
ASC apoptosis-associated speck-like protein containing a CARD
Bak Bcl-2 homologous antagonist killer
Bax Bcl-2-associated X protein
BHA butylate hydroxyanisole
BiFC bimolecular fluorescence complementation assay
CARD caspase activation and recruitment domain
cFLIP cellular FLICE-like inhibitory protein
cIAP1/2 cellular inhibitor of apoptosis protein 1 and 2
CRISPR-Cas9 clustered regulated interspaced short palindromic repeats - associated protein-9 nuclease
Co-IP co-immunoprecipitation
CFP cyan fluorescent protein
DD death domain
DED death effector domain
dSTORM direct stochastic optical reconstruction microscopy
ESCRT III endosomal sorting complexes required for transport III
eGFP enhanced green fluorescent protein
EV extracellular vesicle
FADD Fas-associated protein with death domain
FRET Förster resonance energy transfer
HOIL-1 heme-oxidized IRP2 Ub ligase1
HOIP HOIL-1 interacting protein
hCHMP4B human charged multivesicular body protein 4B
HEK293 human embryonic kidney 293
hTNF human TNF
IκBα inhibitor of NF-κB α
IKK inhibitor of the NF-κB kinase complex
Kd dissociation constant
LUBAC linear ubiquitin chain assembly complex
MK2 mitogen-activated protein kinase-activated protein kinase 2
MLKL mixed lineage kinase domain-like protein
mRFP monomeric RFP
NADPH nicotinamide adenine dinucleotide phosphate
NSA necrosulfonamide
NEMO NF-κB essential modulator
NF-κB nuclear factor-κB
PIDD p53-induced protein with a death domain
PI(3,4)P2 phosphatidylinositol 3,4-bisphosphate
PI(3)P phosphatidylinositol-3-phosphate
PALM photoactivated localization microscopy
PLAD pre-ligand-binding assembly domain
PKC protein kinase C
PMA phorbol myristate acetate
PPI protein-protein interaction
PYD pyrin domain
RIPK1/3 receptor-interacting protein kinase 1 and 3
RFP red fluorescent protein
RHIM RIP homotypic interaction motif
RAIDD RIP-associated ICH-1/CED-3 homologous protein with death domain
SHARPIN SHANK-associated RH domain interactor
STED stimulated emission depletion microscopy
TAK1 transforming growth factor-β-activated kinase 1
TBK1 TANK binding kinase 1
TAB2/3 TAK1 binding protein 2 and 3
TAP tandem affinity purification
TIRF total internal reflection fluorescence
TNFR1 TNF receptor 1
TRAF2 TNF receptor associated factor 2
TRADD TNFR-associated protein with death domain
TRPM7 transient receptor potential melastatin related 7
TNF tumor necrosis factor
YFP yellow fluorescent protein.
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